In order to study the effect of weight-bearing on the maintenance and increase of bone mass, bipedal rats were prepared and changes in the lumbar vertebrae and hindlimb bones were observed. The bone area of the lumbar vertebrae was elavated in bipedal rats, possibly in response to the increase in weight-bearing by the lumbar vertebrae. The response observed in bipedal rats with osteoporosis was dependent on their calcium (Ca) intake. The bone area of the lumbar vertebrae, which failed to increase on a low-Ca diet, did increase when the rats were placed on a high-Ca diet. Weight-bearing was beneficial in increasing bone mass and was also effective in counteracting the decrease in bone mass in osteoporosis; however, an adequate supply of Ca appears to be necessary.
Introduction
Exercise therapy is generally prescribed in osteoporosis to correct postural abnormalities, improve circulation in soft tissues and strengthen muscles, but it has also been found useful in countering involutional bone loss. In recent years, advances in the quantitative analysis of bone mass have facilitated investigations of the effects of exercise on the bone mineral content in various parts of the body, such as in the lumbar vertebrae. The results of such studies have been reported by several different investigators [1, 2, 33 . It is difficult, however, to find elderly individuals living under constant conditions to serve as subjects, and it is even more difficult to maintain compliance for an exercise program for long periods in the elderly. It is probably for these reasons that the results have varied to such a great extent, and why many questions remain unresolved. Animal experiments have provided much information concerning the effect of exercise on bone metabolism [4, 5] . The most common exercise used with laboratory animals is running. An increase in hindlimb bone mass has been observed in many experiments using this method. Both Sakamoto [6] and the authors [7] have reported that, in a quadrupedal rat model of running exercise, bone mass changes were much more likely to be observed in the hindlimbs than in the lumbar vertebrae. Exercise-related increases in bone mass tend to occur specifically at sites of mechanical stimulation [8, 9] . Hence, the difference in the responses of the two sites may be explained by the fact that little weight is borne by the spine during running in quadrupeds such as the rats.
In the present study, bipedal rats were prepared to increase weight-bearing by the spine, and changes in bone tissue were observed. We also prepared bipedal rats with osteoporosis, and compared bone mass changes in them with those in quadrupedal rats.
Materials and Methods

Experiment 1
Ovariectomized rats, raised on a low-Cc diet, were used as a model of osteoporosis. Thirty-seven 4-weeksold female Sprague-Dawley rats were divided into the following groups of 8-10 animal each: a sham-ovariectomized quadrupedal (SQ) group, an ovariectomized quadrupedal COQ) group, a sham-ovariectomized bipedal (SB) group, and an ovariectomized bipedal (OB) group. Ovariectomy or sham operation was performed on the rats at 4 weeks of age. Both forelimbs were amputated at the proximal end of the humerus at 6 weeks of age. The quadrupedal groups underwent anesthesia alone at the time of amputation. All surgery was conducted under Nembutal anesthesia (2,5 mg/100 g body weight ( i . p . ) ) . The rats in the ovariectomized groups were fed a low-Ca diet (CLEA Japan Inc., 0.20/6 Ca; Tokyo) ad libitum, while those in the control groups were given standard pellets (Funabashi Farm MM-3, 1.66~ Ca; Sizuoka, Japan) ad libitum. The bipedal groups were housed in tall cages in which the food and water bottle were attached to the roof, forcing the animals to develop the habit of standing erect. The height of the roof was adjusted so as not to interfere with food consumption or water ingestion as the rats grew. The quadrupedal groups were housed in cages in which the width was the same as in the bipedal groups, but in which the height was low to prevent them from 'standing erect. The rats whose forelimbs had been amputated were able to feed in an erect posture and walk on their hindlimbs within 2-3 weeks postoperatively. The rats were sacrificed by exsanguination via the abdominal vena cava under ether anestbesia at 32 weeks of age. The longissimus, quadratus lumborum, psoas major and psoas minor muscles and the spine were removed en bloc, from between the 1st and 2nd lumbar vertebrae to between the 1st and 2nd sacral vertebrae, and weighed. The muscles were then removed, and the spine weighed. The difference between the weights was recorded as the weight of the paravertebral musculature. The gastrocnemiusplantaris and soleus muscles were also removed bilaterally, and the sum of their weights was recorded as the weight of the flexor muscles of the hindlimbs. The soft tissue was removed from the 5th and 6th lumbar vertebrae, and from the femora and tibiae bilaterally. The volume and specific gravity of each right femur, right tibia, and 5th lumbar vertebra were caluculated by Archimedes' principle. Dry weight of each bone was also determined.
1) Analysis by microdensitometry (MD)
Soft X-ray of the left femora and tibiae, accompanied by an aluminum step wedge, were taken and analyzed. The sites analyzed included a site one-third from the distal end of the femur and a site immediately superior to the tibiofibular bifurcation ( Fig. 1) 2) Measurement of bone area The right femora and tibiae and the 5th lumbar vertebrae were embedded in epoxy resin, and 50-60#m thick, decalcified sections were prepared. Contact microradiograms (CMRs) of the sections were made. Four Fig. 1 Roentgenograph of rat femur (left} and tibia (right} with aluminum stepwedge for microdensitometric analysis. Illustrations showing mid-sagittal longitudinal section of the proximal end of tibia (a) and 5th lumbar vertebral body (b). The sample area for bone measurement are crosshatched. 
I . 1
Illustrations showing the three-point bending test for long bone, and a schematic cross section through the midpoint of the femoral diaphysis. F: load for breaking (kgf) L: distance between supports (cm) A, a: periosteal and endosteal diameter perpendicular to the direction of load (cm) B, b: periosteal and endosteal diameter parallel to the direction of load (cm) C: cortical thickness index, determined from soft X-rays C= (A-a)/A= (B-b)/B sections were made in each rat: a cross-section at a site one-third from the distal end of the femur, a cross-section of the tibia immediately superior to the tibiofibular bifurcation, a mid-sagittal section of the proximal tibial metaphysis, and a mid-sagittal section of body of the 5th lumbar vertebra. The CMRs were magnified and bone area measured using an image analyzer (Kontron MOP-AMO2; Germany). Thebone areas o'f the femoral and tibial diaphyses were calculated as cortical bone area/total crosssectional area, and the bone areas of proximal tibial metaphyses and vertebral bodies as trabecular area /defined area (Fig. 2) .
3) Mechanical testing After soft X-rays of the left femur and tibia had been taken, the specimens were subjected to a threepoint bending test while still wet. A bone loading tester (Marutou Seisakusho M1-1017; Tokyo) was used to perform the test. The load point was set at the center of the longitudinal axis of each bone. The distance between support points was 1.5 cm. The femur was loaded anteriorly, and the tibia medially. The load at which the bone fractured was recorded. Assuming all bones to be homogeneous, that the elastic modulus of the compression load was equal to that of the tension load, that the periosteal contours resemble an ellipse, and that the periosteal and endosteal contours are ellipsoid, maximal internal stress at the rupture point was caluculated using the following equations ( Fig. 3 ): amax=SFL/zrAB 2 {1-(1-C) 4) crmax : Maximum internal stress (kgf/cm 2) 4) Ca content of bone The 6th lumbar vertebrae were dried at 120 ~ for 6 hours in a muffle furnace after the soft tissue had been removed and dry weights were determined. The bones were then ashed at 800 ~ for 8 hours and weighed. The ash was used to determine Ca content by the ocresolphthalein complexon method (0-CPC method) using Ca determination kits (Wako Ca C-test; Osaka, Japan). 5) Blood biochemistry Serum Ca, P and alkaline phosphatase (A1-P) levels in the blood samples collected at the time of sacrifice were determined by o-CPC method, direct method, and p-nitrophenyl phosphoric acid method, respectively. 6) Determination of spontaineous activity The amount of spontaneouse activity was determined using two activity meters (Farad Electronics ANIMEX type-S; Sweden) in the animals in the SQ and SB groups at 20 to 24 weeks of age. Nocturnal and diurnal spontaineous activities were quantified in terms of the frequency with which a rat crossed a circle on the test table (counts/hour).
Experiment 2
The forelimbs of the rats in which osteoporosis had been induced were amputated to prepare bipedal osteoporotic rats, and they were supplied with Ca at the same time. Twenty-two female Sprague-Dawley rats were ovariectomized at 6 weeks of age and raised on a low-Ca diet (CLEA Japan Inc., Ca content 0.02~ ; Tokyo) for ten weeks to prepare a rat model of osteoporosis. Pellets were provided ad libitum. At 16 weeks of age, the rats were divide into a quadrupedal group of 8 rats and a bipedal group of 14 rats such that the body weight of the quadrupedal group would fairly well match that of the bipedal group. The forelimbs of the rats assigned to the bipedal group were amputated as in Experiment 1. The quadrupedal group underwent anesthesia alone. The rats in both groups were then given standard pellets with a Ca content of 1.66% (Funabashi Farm MM-3; Shizuoka, Japan) ad libitum while housed in cages similar to those in Experiment 1. Sixteen weeks later, all rats aged 32 weeks were sacrificed by exsanguination via the abdominal vena cava under ether anesthesia, and femora, tibiae and 5th lumbar vertebrae were removed. After determination of their dry weight, soft X-rays of the left femur and tibia were taken and analyzed by microdensitometry. Undecalcified sections were prepared from the same sites as in Experiment 1 and their CMRs were taken to measure bone areas. The bone area of the 5th lumbar vertebra was measured in a same manner as in Experiment 1 after determination of its dry weight. The right femur and tibia were subjected to bone strength testing by the threepoint bending method. The methods were same to those used in Experiment 1, but the distance between the support points was 2 cm. Serum Ca, P and A1-P levels were also determined in the blood sample collected at the time of sacrifice.
Statistical analysis
Differences between the groups were evaluated using the Student's t-test. In Experiment 1, correlation coefficients between body weight and the various test values were determined and analyzed. In addition, the effect of muscle mass on bone mass was studied by determining partial correlation coefficients between muscle weight and the various bone test values excluding the influence of body weight. At the start of the experiment, the animals were assigned to groups such that mean body weight in each group was equal. In the ovariectomized rats (the OQ and OB groups), body weight increased more rapidly after surgery than in the control groups, but the differences in body weight at the end of the experiment were not significant. The weight loss accompanying the preparation of bipedal rats was more marked than could be accounted for solely by the loss of forelimb weight (5.7~ on average}. Body weight at the end of the experiment was significantly less in bipedal rats than in the quadrupedal rats even when the amputated forelimbs were compensated for.
Results
Experiment 1
2) Muscle weight Although there were no significant differences in the weights of the paravertebral musculature among the groups, the increase in muscle weight in proportion to body weight revealed the muscle weight of the SB group to be significantly (p < 0.01} greater than in the SQ group, even when the weight of the amputated forelimbs was compensated for. The flexor muscle weight of the hindlimbs in the ovariectomized rats was greater than in the nonovariectomized rats. The flexor muscle whs heavier in the quadrupedal rats than in the bipedal rats, but there werl no significant differences in its proportion of bvdy weight among the various groups.
3) Volume, specific gravity and dry weight of bone (Table 2 ) The volume of the femur, tibia and 5th lumbar vertebra was generally greater in ovariectomized rats Differences between quadrupeds and bipeds: ap<0.05, bp<0.01, Cp<0.001 Differences between OVX and sham-OVX rats: Xp < 0.05, yp < 0.01, z P < 0,001 than in non-ovariectomized rats. The specific gravity and dry weight of each of these bones were lower in the ovariectomized rats than in the non-ovariectomized rats. However, there were no significant differences between the quadrupedal and bipedal groups with respect to any of these parameters. There were no differences in bone length or width between the quadrupedal and bipedal rats, except for the fact that tibial width in the OB group was less than in the OQ group, this surgests that the preparation of bipedal animals had a minimal influence on bone development in the rats.
4) Microdensitometric analysis
The cortical index and E GS/D of the femur and the coritical index of tibia in the ovariectomized rats were lower than in the non-ovariectomized rats, revealing the characteristic features of rats with osteoprosis. Femoral E GS/D in OB group was higher than in the OQ group, while the femoral cortical index in the SQ group was higher than in the SB group. Tibial 51 GS/D in the bipedal rats, however, tended to be higher than in the quadrupedal rats. 5) Bone area (Fig. 4) The ovariectomized rats exhibited a decrease in bone area at all cortical and cancellous bone sites. Cortical bone area in the SB group was less (p < 0.05) than in the SQ group, whereas cancellous bone area of lumbar vertebral body in the SB group was greater (p < 0.05) than in the SQ group (Fig. 5 ). 6) Ca content of 6th lumbar vertebra (Table 4) The ash content, Ca content, and the ratio of Ca conteut to bone dry weight of the lumbar vertebra were decreased in the ovariectomized rats, but there were no differences in any of these parameters between the quadrupedal and bipedal rats. 7) Mechanical testing ( Fig. 6 ) There were no significant differences among the groups in the load required to break the femora or tibiae. The breaking stress of the femur and tibia was lower in the ovariectomized rats than in the non-ovariectomized animals. There were no significant differences in breaking stress between the quadrupedal and bipedal groups. 8) Serum biochemistry (Table 5) The were no significant differences in the serum Ca level batween any of the groups except that the serum Ca level in the 9 group was significantly less than in the SB group. There were no significant differences in serum P or AI-P levels among the groups. The mean serum Ca and P levels in each group remained within the normal range (Ca:9.22-11.92 mg /dl; p:3.19-9.20 mg/dl). Normal levels were calculated as mean• S.D. from the results of measurement in 106 female Sprague-Dawley rats aged 14-32 weeks which served as the controls in the experiments in our laboratory. 9) Amount of spontaneous activity The rats in both the SQ and SB groups were more Fig. 7 Plot of specific gravity of 5th lumbar vertebrae against body weights in SQ and SB groups.
Body weight
active at night than during the day. The amount of diurnal activity was greater in the SQ group than in the SB group, but there were no significant differences between the groups in the amount of nocturnal activity.
10) Correlation coefficients
In calculating the correlation coefficients, the body weights of bipedal rats were multiplied by 1.06 to compensate for the weight of the amputated forelimbs. Table 6 shows the correlation coefficients between body weight and the various test values. There were significant correlations between body weight and bone dry weight as well as between body weight and bone specific gravities in the SB group. The other three groups exhibited few of these correlations. In the case of the 5th lumbar vertebra, body weight was significantly (p ~ 0.01) correlated with bone specific gravity in the SB group alone (Fig. 7) . Body weight and bone dry weights were correlated in the bipedal rats alone (SB group: p~0.01; OB group: p< 0.001). Only a part of MD parameters were significantly correlated with body weight. There were no significant correlations between any of the bone area values and body weight. There was a significant correlation between body weight and ash weight in the case of the 6th lumbar vertera in bipedal rats alone. There were no correlations between Ca content and body weight in any of the groups. Mechanical testing of the hindlimb bones revealed a significant correlation between body weight and the load required to cause rupture of femur in quadrupedal rats. It also revealed a significant correlation between body weight and the breaking stress of the femur in the SB group and between body weight and the breaking stress of the tibia in the OB group. Analysis of partial correlations between flexor muscle weight of the hindlimbs and tibial test values as well as between the weight of the paravertebral muscula- (Table 7) 1) Body weight There were no significant differences among the various groups in body weight at the start of the experiment or immediately before forelimb amputation. As in experiment 1, body weight decreased significantly soon after amputation of the forelimbs. However, no tendency toward suppression of body weight gain was observed except for during the immediate postamputation state. There were no significant differences among the groups with respect to body weight, including forelimb weight, at the time of sacrifice.
2) Bone dry weight There were no significant differences among the groups in the dry weight of the femur, tibia or 5th lumbar vertebra. There were no significant differences among the groups in the length or width of these bones.
3) Microdensitometric analysis There were no significant differences in cortical index or Z GS/D of the femur or tibia among the groups. 4) Bone area Although there were no inter-group differences in the cortical bone area of the femoral or tibial diaphyses, the cancellous bone area of proximal tihial metaphyses and the 5th lumbar vertebral body were significantly (p < 0.02 and p < 0.01, respectively) greater in the bipedal rats (Fig. 8) . 
5) Mechanical testing
There were no significant differences among the groups in the breaking load of the femur or tibia. Although there were no differences in femoral breaking stress among the groups, tibial breaking stress was significantly (p< 0.01) higher in the bipedal rats. 6) Serum bichemistry Serum Ca and AI-P levels tended to be higher in the bipedal rats, but the differences between the bipedal and quadrupedal groups were not significant. Mean serum Ca and P levels were within the normal range in both the bipedal and quadrupedal groups.
Discussion
Bone changes in bipedal rats Both local factors and systemic factors, such as hemodynamic changes or alterations in the hormonal environment involving hormons such as PTH or estregen, have been proposed as the mechanism of bone remodeling in response to physical activity. The nature of" the local factors is not yet clear, but some reports have suggested that factors such as the piezoelectric potential effect accompanying the deformation of bone trabeculae [10] , microfracture repair mechanism Ill] and the trasfer of Ca 2+ between extracellular fluid and hydroxyapatite crystals accompanying stress [12] may play a role in bone remodeling concomitant with exercise.
If the dynamic load imposed on bone by exercise directly affects the local remodeling of bone, there should be a specific correlation between the type of load and the site of bone change induced by loading. When the lumbar vertebrae and leg bones are subjected to weight bearing exercise in clinical cases, bone density increases, but there have been no reports of bone changes in the arm bones following weight bearing exercise [2] . Futhermore, Burr et al. reported that bone formation increases in hindlimb bone and the spine in response to repeated dynamic loading of the hindlimb through the feet in the rabbit; however, no changes in the forelimbs were produced [13] . The results of exercise loading in the rat appear to be essentially the same as in the rabbit. Sakamoto reported that rat hindlimb bone mass was increased by forced running, but that running had no definitive effects on the lumbar vertebrae, and postulated that these phenomena were due to the difficulty of exposing the spine of the rat, a quadruped, to weight bearing [6] . On the other hand, in the present experiment, cancellous bone area of the lumbar vertebrae in the SB group was greater than in the SQ group as a result of the surgery performed to prepare the bipedal model. Bipedal rats are known to frequently experience intervertebral disc degeneration and spinal deformity because of increased loading to the spine, but dynamic loads affecting supporting structures influence bone tissue as well. This supposition is supported by the observation of an increase in the amount of cancellous bone in the vertebral body, as shown by the results of bone area determination in the present study, which may have been in response to functional demands. This is also suggested by the correlation between the specific gravity of the lumbar vertebra and body weight. Some reports have demonstrated a positive correlation between bone density and body weight in humans [14, 15] suggesting that dynamic loading by body weight is an important determinant of lumbar vertebral bone mass. The present experiment revealed no correlation between the spcific gravity of the lumbar vertebra and body weight in the SQ group. This result may be regarded as a characteristic of the rat, a quadruped. In the SB group, however, as in humans, there was a significant positive correlation between the specific gravity of the lumbar vertebra and body weight. This finding suggests that bipedal locomotion has a considerable effect on the bone mass of the lumbar vertebrae. Some reports have shown that the bone density of the lumbar vertebrae is not increased by swimming or non-loading exercise of the back muscles even in humans [1, 3] . Thus, weightbearing exercise can be considered to be important for dynamic stimulation of loaded bones. When the experimental results in the SQ group were compared with those in the SB group, there were no differences between the two groups in bone specific gravity, ash weight or Ca content of the lumbar vertebra, while the bone area of the vertebral body was greater in the SB group than in the SQ group. In general, cancellous bones undergo more active remodeling than cortical bone, and bone changes in response to dynamic stimulation appear earlier in cancellous bone than in cortical bone. The increase in cancellous hone may not have been apparent as a change in the lumbar vertebra as a whole because it may have been masked by the quantitatively predominant cortical bone. There were no differences in any hindlimb bone values in the SQ and SB groups; however, differences in body weight of these groups may have affected these results. In terns of correlation coefficients between body weight and various test values, bone dry weight, bone specific gravity and E GS/D of the tibia were significantly positively correlated with body weght in the SB group alone. The hindlimb bones are weightbearing bones not only in bipedal rats but in quadrupedal rats as well. In spite of this fact, the bone mass of the hindlimbs did not closely correlate with body weight in the quadrupedal rats. The reason for this result is not yet known, but it may in part be due to the large amount of spontaneous activity in quadrupedal rats, possibly affecting bone formation in the hindlimbs. The bone strength of hindlimb bone of bipedal rats was investigated by Saville et al. [16] and Smith et al. [17] by compression loading of the femur. They reported that body weight was significantly correlated with bone strength regardless of whether the animals were quadrupedal or bipedal, and concluded from the results of regression analyses in the quadrupedal and bipedal groups that the preparation of bipedal rats increases the bone strength of the femur.
In the present experiment as well, there was a signif-icant correlation between body weight and bone strength when the bending test was performed, while bipedal locomotion had hardly any effect. Among dynamic bone loading factors, both muscle strength and inertial force (i.e., mass function) play important roles. In the present experiment, the weight of the paravertebral musculature as a proportion of body weight was significantly higher in the SB group than" in the SQ group, demonstrating that greater work is performed by the back muscles of bipedal rats. There was a close correlation between body weight and muscle weight, however, suggesting that the correlation between muscle weight and bone test values may be affected by body weight. Partial correlation analysis in which the influence of body weight was excluded was performed to assess the effect of muscle strength alone. Except for the correlation between the cortical bone area of the tibia and the flexor muscle weight of the hindlimbs in the SQ group, there were no significant correlations among the groups. Doyle et al. found a significant correlation between the weight of the psoas major muscle and the ash weight of the lumbar vertebrae in humans [18] . Many reports have also shown significant correlations between back muscle strength and lumbar bone density [14] as well as hand grip strength and radial bone density [15] . The behavior of rats raised under the same conditions is simpler than in humans, and the influence of muscle loading may tend to go unnoticed because it is masked behind the effect .of body weight. Preparation of bipedal model in rats with osteoporosis According to Wink et al. [19] and Wronski et al. [20] , rat hindlimb and lumbar vertebral bone mass is decreased 2 months after castration. Bell et at. reported that the mass and strength of rat bone are significantly decreased after the rats have been fed a diet with a Ca content of 0.36~ or less for at least 8 weeks [21] . Salomon et al. obtained similar results by feeding rats a low Ca diet (0.02~) for 2 weeks [22] . The decrease in bone mass became even more severe as a result of combining ovariectomy with a low-Ca diet. In the present experiment as well, ovariectomized rats were fed a 0.2O/oo Ca diet for 28 weeks. These rats had a lower bone mass and more fragile bones than the nonovariectomized rats. In experiment 2, ovariectomized rats were fed a 0.02~ Ca diet for l0 weeks, long enough to induce osteoporosis according to Sakamoto [6] .
There were no significant differences in any of the lumbar vertebral test values, including bone area, between the OB and the OQ groups. There were no correlations between any of the lumbar vertebral test values and body weight in the OB group, in contrast to the SB group. These results suggest that the abnormality in Ca metabolism may have canceled out the influence of dynamic loading and prevent the increase in bone mass. When dietary Ca was adequate in the bipedal model in Experiment 2, the bone area of the lumbar vertebrae was significantly increased. This is in agreement with the findings of Sakamoto [6] , i.e., bone mass is not increased in ovariectomized rats by running while on a low-Ca diet but is increased by running when adequate Ca is supplied. It is necessary to supply adequate Ca to counter bone resorption on a low Ca diet. In contrast, exercise is considered to be an osteogenesis-promoting factor. In recent years some reports have indicated that a combination of exercise and adequate Ca supply is effective in the prevention and treatment of osteoporosis [23, 24] , and the results of the present experiment also support this indication. According to the national nutrition survey in 1991 the average daily Ca intake of Japanese was 541 mg/day, well below the minimum requirement. Whatever exercise therapy is recommended for the treatment of osteoporosis, it must be accompanied by an adequate Ca supply.
Conclusions
1. Bipedal rats were prepared by amputating their forelimbs in order to force the rats to assume an erect posture and increase the dynamic load on the spine and hindlimbs. 2. The cancellous bone area of the lumbar vertebrae was significantly increased in the bipedal rats. Bone specific gravity was significantly correlated with body weight, suggesting that the increased load affects the bone mass of the lumbar vertebrae. 3. Changes in the hindlimbs in response to preparation of the bipedal model were generally slight, probably because the increase in dynamic loading of the hindlimbs accompanying bipedal locomotion was less than the increase in loading of the lumbar vertebrae. 4 . When a bipedal model was prepared in rats with osteoporosis on a low-Ca diet, the bone area of the lumbar vertebra failed to increase, and there was no correlation between bone specific gravity and body weight; however, when a bipedal model was prepared in rats with osteoporosis receiving an adequate Ca supply, the bone area of the lumbar vertebra increased. This suggests that it is important to improve Ca balance when prescribing exercise therapy to treat osteoporosis.
